Aims: Thermal inactivation of a mixture of five strains of Listeria monocytogenes, four strains of Escherichia coli O157:H7 and eight serotypes of Salmonella were compared with that of indigenous microflora in 75% lean ground beef. Methods and Results: Inoculated meat was packaged in bags that were completely immersed in a circulating water bath and held at 55, 57AE5 and 60°C for predetermined lengths of time. The surviving cell population was enumerated by spiral plating heat-treated samples onto tryptic soya agar supplemented with 0AE6% yeast extract and 1% sodium pyruvate. D-values, determined by linear regression, in beef were 77AE49, 21AE9, and 10AE66 min at 55, 57AE5, and 60°C, respectively, for indigenous microflora (z ¼ 5AE81°C). When either of the three pathogens were heated in beef, their D-values calculated were significantly lower (P < 0AE05) than those of indigenous microflora at all temperatures. The slope of the thermal death time curve for L. monocytogenes, E. coli O157:H7 and indigenous microflora were similar. Using a survival model for nonlinear survival curves, the D 1 -values at all temperatures for L. monocytogenes were significantly higher (P < 0AE05) compared with those for Salmonella serotypes, E. coli O157:H7 or indigenous microflora. However, higher recovery of a subpopulation of the indigenous microflora in beef exposed to heating at 55, 57AE5 or 60°C resulted in significantly higher (P < 0AE05) D 2 -values at all three temperatures, compared with those of the three pathogens at the same test temperatures. Conclusions: If the thermal process is designed to ensure destruction of indigenous microbial flora, it should also provide an adequate degree of protection against L. monocytogenes, Salmonella serotypes or E. coli O157:H7. Significance and Impact of the Study: The results of this study will assist the retail food industry in designing acceptance limits on critical control points that ensure safety, without introducing pathogens in a retail food environment, against L. monocytogenes, E. coli O157:H7 and Salmonella in cooked ground beef.
INTRODUCTION
Application of thermal energy to food products for destroying food-borne pathogens is a critical control point in the food processing industry. Accordingly, heat remains the most common processing technique to assure the microbiological safety of cooked foods. Inadequate time/ temperature exposure during initial cooking, and inadequate reheating to kill pathogens in retail food service establishments or homes are often contributing factors in food poisoning outbreaks (Roberts 1991) . The food safety concerns are magnified because of the consumer demand for fresh tasting, high-quality, low salt, preservative-free meals which require minimal preparation time. The three pathogens studied in this work have been implicated in food poisoning outbreaks caused by inadequate cooking and, therefore, continue to be the most important food-borne pathogens of public health significance and also are of a major concern to the food industry. Sporadic cases and several outbreaks caused by L. monocytogenes worldwide have been attributed to the consumption of contaminated ready-to-eat meats (Wenger et al. 1990; Schuchat et al. 1992; Jacquet et al. 1995) . Likewise, meat and poultry have been implicated as vehicles of Salmonella infection (D'Aoust 1989) and outbreaks caused by E. coli O157:H7 have been associated primarily with the consumption of contaminated and undercooked beef (Riley 1987; Belongia et al. 1991; Doyle 1991) .
A critical component of the Hazard Analysis Critical Control Point (HACCP) plan of the National Advisory Committee on Microbiological Criteria for Foods (NACMCF) is that cooking processes must be validated by the food operator for a given reduction of pathogens in a particular food (NACMCF 1997) . This is commonly carried out in a laboratory, but it should accurately reproduce the actual kitchen cooking process. The food operator must periodically verify that the desirable bacterial reduction is being achieved. In reality, it is not feasible to validate cooking processes or to conduct challenge studies in ongoing food service operations or in a commercial kitchen using pathogenic bacteria. Accordingly, the need is to find nonpathogenic surrogate micro-organisms for process validation and verification in operation. It is possible to bring nonpathogenic laboratory surrogates such as nonpathogenic E. coli into the test kitchen. However, a laboratory must be found that grows these cultures and guarantees that the organisms are truly nonpathogens. Even then, operators will not want laboratory organisms in their test kitchens.
A possible alternative for process validation and verification is to use the indigenous micro-organisms that are typically found in the raw meat. The normal aerobic plate counts of raw meat cooked are in the range of 500 000 to 5 000 000 indigenous micro-organisms per gram of meat. Commonly after cooking, meat products will have aerobic spore counts of 20-100 CFU g
)1 and indigenous vegetative bacterial counts of <1 per gram. It is, therefore, logical to investigate the possibility of using the thermal reduction of the indigenous microflora as an indicator of pathogen reduction. If one judges safety based on the reduction of the indigenous micro-organisms, then the D-values for these micro-organisms should be compared with those of foodborne pathogens of concern.
To our knowledge, no information is available in the published literature concerning the heat resistance of L. monocytogenes, Salmonella serotypes and E. coli O157:H7 assessed under identical conditions in the same laboratory. In accordance with the above justification, it is logical to quantitatively assess and define the inactivation kinetics of indigenous microflora under the same conditions as pathogens. The work reported herein was undertaken to determine the D-values of the three pathogens and indigenous microflora in beef using (i) linear regression from the straight line portion of the survival curves and (ii) by a survival equation/model that was fitted to the nonlinear survival curve to obtain two D-values, one for a major population and another for a subpopulation.
MATERIALS AND METHODS

Bacterial strains
Bacterial cocktails consisting of five strains of L. monocytogenes, four strains of E. coli O157:H7 or eight strains of Salmonella each, representing isolates from beef, pork, chicken, turkey or human clinical cases, were used in this study. The information about these isolates is given in Table 1 . The strains were preserved by freezing the cultures at )70°C in vials containing tryptic soya broth (TSB; Difco Laboratories Inc., Detroit, MI, USA) supplemented with 10% (v/v) glycerol (Sigma Chemical Co., St Louis, MO, USA).
Product
Raw 75% lean ground beef, used as the heating menstruum, was obtained from a retail supermarket. The meat was placed into stomacher 400 polyethylene bags (50 g per bag) and vacuum-sealed (Multivac Model A300/16, Sepp Haggenmuller GmbH & Co., Wolfertschwenden, Germany). Thereafter, five of these bags were vacuum-sealed in barrier pouches (Bell Fibre Products, Columbus, GA, USA), frozen at )40°C and irradiated (42 kGy) to eliminate indigenous microflora. Irradiation was performed using a self-contained 137 Cs Irradiator (Lockheed Georgia Co., Marietta, GA, USA) at the Eastern Regional Research Center (ARS, USDA, Wyndmoor, PA, USA). Random samples were tested to verify inactivation of microflora by diluting in 0AE1% (w/v) peptone water (PW), spiral plating (Model D; Spiral Biotech, Bethesda, MD, USA) on tryptic soya agar (TSA; Difco) and incubating aerobically at 30°C for 48 h.
Preparation of test cultures, sample preparation, and inoculation
Cultures were propagated and enumerated by spiral plating. Appropriate dilutions (in 0AE1% PW), in duplicate were plated on to TSA by the procedure described previously (Juneja et al. 1997) . Equal volumes of each culture were combined in a sterile conical vial to obtain a fivestrain mixture of L. monocytogenes, a four-strain mixture of E. coli O157:H7 or eight-strain mixture of Salmonella (8 log 10 CFU ml
) prior to inoculation of meat. The cocktail of L. monocytogenes, E. coli O157:H7 or Salmonella was separately added (0AE1 ml) to 50 g of thawed, irradiated ground meat. The inoculated meat was blended with a Seward laboratory stomacher 400 (UK) for 5 min to ensure even distribution of the organisms in the meat sample. Duplicate 3-g ground meat samples were then weighed aseptically into 30 · 19 cm sterile filtered stomacher bags (Spiral Biotech). Also, bags containing nonirradiated meat samples inoculated with 0AE1 ml of 0AE1% (w/v) PW with no bacterial cells were prepared. Thereafter, the bags were compressed into a thin layer (ca 1-2 mm thick) by pressing them against a flat surface, excluding most of the air, and then heat sealed (Multivac Model A300/16).
Thermal inactivation and bacterial enumeration
The thermal inactivation studies were carried out in a temperature controlled water bath (Techne, ESRB, Cambridge, UK) stabilized at 55, 57AE5 or 60°C according to the procedure as described by Juneja et al. (1997) . Two bags for each replicate were then removed at designated time intervals; sampling frequency was based on the heating temperature, e.g. 10 min at 55°C; 5 min at 60°C. Total heating time ranged from 150 min at 55°C to 25 min at 60°C. After removal, bags were immediately plunged into an ice-water bath and analysed within 30 min. Surviving bacteria were enumerated by surface plating appropriate dilutions, in duplicate, on to TSA supplemented with 0AE6% yeast extract and 1% sodium pyruvate, using a spiral plater. Also, 0AE1 and 1AE0 ml of undiluted suspension (1 : 1 meat slurry) were surface plated, where necessary. All plates were incubated aerobically at 30°C for at least 48 h prior to counting colonies. For each replicate experiment performed in duplicate, an average CFU g
)1 of four platings of each sampling point were used to estimate lethality kinetics.
Calculation of D-values and z-values
The D-values (time to inactivate 90% of the viable cells), expressed in minutes, were determined from the straightline portion of the survival curves by plotting the log 10 number of survivors against time for each heating temperature using Excel software (Microsoft Corp. 2002) . Only survival curves with more than five values in the straightline portion, and descending more than 5 log 10 cycles were used. Also, regression lines were fitted to experimental data points that contributed to tailing or shouldering by a survival equation (logistic model) using a curve fitting program (DataFit for Windows, Version 7.1;f Oakdale Engineering, Oakdale, PA, USA) and two D-values were calculated. The z-values were estimated by computing the linear regression (Ostle and Mensing 1975) of mean log 10 D-values vs their corresponding heating temperatures using Excel Software. The z-values were estimated by taking the absolute value of the inverse slope.
Statistical analysis
The heat resistance data were analysed by analysis of variance (ANOVA ANOVA) using SAS (SAS Institute Inc. 1989) to determine if there were statistically significant differences among the treatments. The Bonferroni mean separation test was used to determine significant differences (P < 0AE05) among mean values (Miller 1981) .
RESULTS AND DISCUSSION
Cocktails of L. monocytogenes, Salmonella or E. coli O157:H7 used in this study for comparison of heat resistance with indigenous bacterial flora were representative isolates from meat and poultry. In addition, the cocktails also included clinical isolates. The initial population of the indigenous microflora in the uninoculated meat ranged from 6AE5 to 6AE8 log 10 CFU g )1 . Inactivation of the three pathogens in beef at 55, 57AE5 or 60°C is depicted in Fig. 1 . The data are expressed as the log 10 of the ratio of count at time t (N) and initial count (N 0 ), which was calculated by subtracting the log 10 initial count before cooking (log N 0 ) from the log 10 final count after cooking (log N). The resulting data yielded the log 10 numbers of L. monocytogenes, Salmonella, E. coli O157:H7, or indigenous bacterial colonies per gram of beef destroyed by the heat treatment. For inoculated beef heated at 55°C, the L. monocytogenes, Salmonella spp. or E. coli O157:H7 count decreased by 6AE25 log 10 (8AE09-1AE84 log 10 CFU g
)1 ), 7AE84 log 10 (8AE19-0AE35 log 10 CFU g
)1 ) and 7AE94 logs 10 (7AE94 log 10 CFU g
)1 to nondetectable levels), respectively, after 150 min of heating (Fig. 1) . In contrast, heating at 55°C for 150 min resulted in 3AE76 log 10 reduction in indigenous bacterial cells (CFU) per gram from an initial inoculum of 6AE51 log 10 CFU g )1 . Similar to the lethality at 55°C, a 3AE5 log 10 reduction of indigenous bacterial flora compared with destruction of the pathogens by 6-7 log 10 occurred within 25 min at 60°C and after 55 min at 57AE5°C. Thus, the heat resistance of the indigenous bacterial flora was substantially higher and the microflora survived longer than the three pathogens assessed for heat resistance in this study.
The D-values of L. monocytogenes, Salmonella, E. coli O157:H7 or indigenous bacterial flora in beef at 55, 57AE5 and 60°C are shown in Tables 2-5, respectively. The D-values of the five-strain L. monocytogenes cocktail in beef were 27AE70, 9AE63 and 4AE18 min at 55, 57AE5 and 60°C, respectively ( Table 2 ). The D-values of the eight strains of Salmonella, obtained by linear regression, ranged from 19AE31 min at 55°C to 4AE72 min at 60°C. The D-values for the four strains of E. coli O157:H7 ranged from 20AE90 min at 55°C to 3AE39 min at 60°C (Tables 3 and 4 ). The D-values of the indigenous bacterial flora at all three temperatures were significantly higher (P < 0AE05) than those observed for the three pathogens (Table 5 ). These data suggest that the cooking time and temperature employed for the destruction of normal indigenous microflora in beef should be adequate to guard against the hazards associated with E. coli O157:H7, L. monocytogenes and Salmonella. D-value of a major population. àD-value of subpopulation. §Coefficient of multiple determination, i.e. square of multiple correlation coefficient; CMD ranges from 0 to 1, closer to 1 means a better fit.
Survivor curves were also generated by fitting the data to the logistic function that allows for a lag period, and gives two D-values, one for a major population (D 1 ) and another for a subpopulation (D 2 ). Using the logistic function, the D-values of the five-strains of L. monocytogenes in beef ranged from 28AE93 min (D 1 ) and 33AE09 (D 2 ) at 55°C to 4AE51 min (D 1 ) and 3AE73 min (D 2 ) at 60°C ( Table 2 ). The survivor curves exhibited a lag period of 6AE38 min only at 55°C. The D-values calculated from the linear portion of the survivor curves, while ignoring shoulders or lag periods, could lead to an underestimation of the time and temperature needed to achieve a desired reduction in cell numbers. Therefore, lag periods observed must be taken into account for calculating D-values. Taking the lag period observed at 55°C into account, contaminated beef should be heated to an internal temperature of 55°C for at least 211 min to achieve a 6-D process for L. monocytogenes; the heating time at 60°C to achieve the same level of reduction is 28AE8 min. As observed with L. monocytogenes, survivor curves of Salmonella serotypes, E. coli O157:H7 and indigenous bacterial flora in beef heated at 55, 57AE5 and 60°C exhibited a tailing or subpopulation of more persistent bacteria that declined at a slower rate than did the majority of cells. Accordingly, both D 1 and D 2 at 55, 57AE5 and 60°C for the three pathogens and the indigenous bacterial flora were calculated (Tables 3-5 ).
The D 1 at all temperatures for L. monocytogenes were significantly higher (P < 0AE05) as compared with the D 1 for Salmonella serotypes, E. coli O157:H7 or indigenous bacterial flora. In contrast, higher recovery of a subpopulation of the indigenous bacterial flora in beef after exposure to heat at 55, 57AE5 or 60°C resulted in significantly higher (P < 0AE05) D 2 -values at all three temperatures as compared with the D 2 of the three pathogens at the same test temperatures.
Thermal death time curves for the L. monocytogenes, Salmonella serotypes, E. coli O157:H7 or indigenous bacterial cells per gram of beef were plotted from D-values obtained from heating the bacteria in beef to calculate z-values (Fig. 2a-c) . The z-values in meat ranged from 5AE81 to 8AE06°C (using D-values obtained by a linear regression; Fig. 2a ). It is evident from Fig. 2a that there are uniform heat lethality kinetics relationships as the slopes of the z-value lines for E. coli and L. monocytogenes are similar. In addition, these are similar to the reduction of indigenous microflora in beef (Fig. 2a) . Salmonella has a slightly different slope, but it is well within the variations one finds in microbiological studies. These data suggest that the destruction of normal endogenous microflora is an indicator of the inactivation of E. coli, L. monocytogenes and Salmonella. The z-values in meat ranged from 3AE65 to 6AE17°C (using D 1 -values calculated by a logistic model), and 4AE3-8AE57°C (using D 2 -values calculated by a logistic model) (Fig. 2b, c) . Compared with the z-values obtained using D 1 -and D 2 -values calculated by a logistic model, the z-values in meat were slightly decreased for L. monocytogenes and Salmonella serotypes, when lag period observed was added to the observed D 1 -or D 2 -values at 55°C D-value of a major population. àD-value of subpopulation. §Coefficient of multiple determination. Method to determine D-value*
Linear regression
Curve fitting D-value of a major population. àD-value of subpopulation. §Coefficient of multiple determination. D-value of a major population. àD-value of subpopulation. §Coefficient of multiple determination. (Fig. 3a, b) . A possible explanation for the lower z-values could be attributed, in part, to the bacterial cells exhibiting lag periods only at 55°C.
Potential spoilage bacteria that predominate in meat include species of Pseudomonas, Acinetobacter, Moraxella, Shewanella, Alcaligenes, Aeromonas, Escherichia, Enterobacter, Serratia, Hafnia, Proteus, Brochothrix, Micrococcus, Enterococcus, Lactobacillus, Leuconostoc, Carnobacterium and Clostridium (Silliker 1980) . Meat may also be contaminated with pathogens, such as L. monocytogenes, Salmonella or E. coli O157:H7. The indigenous microflora in meat may vary from one batch to another. The microflora of a particular batch of meat depends upon the source of contamination and the respective environment, e.g. storage temperature, storage atmosphere, etc. The genus and species of bacteria that usually predominate are those that can most easily utilize the nutrients present. Nevertheless, the complexity of foods is such that several micro-organisms can be growing in a particular food at the same time. It is worth emphasizing that the heat resistance of the bacteria would vary depending upon the types of indigenous microflora present in a particular batch of meat. This study conducted in bags compressed into 1-2 mm thickness has shown that the lethality kinetics of indigenous microflora is same as that of the vegetative pathogens but the former have a D-value of about twice that of the three pathogens assessed for heat resistance. The data presented in Tables 2-5 can be used to predict the time required at specified temperatures to achieve a certain number of logcycle reductions of L. monocytogenes, Salmonella serotypes, E. coli O157:H7 or indigenous bacterial cells, when heated in 75% lean beef. If the thermal process is designed to ensure destruction of indigenous microbial flora, it should also provide an adequate degree of protection against L. monocytogenes, Salmonella serotypes or E. coli O157:H7. The findings that the slope of the thermal death time curve for indigenous microflora is same as that of the pathogens demonstrates that it is feasible to develop a process authority to validate the safety of a cooking process, without introducing pathogens in a retail food environment. Thermal death time values from this study will assist restaurants and institutional food service settings in designing appropriate processing time and temperatures/cooking regimes that ensure safety of beef contaminated with L. monocytogenes, Salmonella, or E. coli O157:H7.
